
United States Patent 

US0072 l 0304B2 

(12) (10) Patent N0.: US 7,210,304 B2 
Nagashima et al. (45) Date of Patent: May 1, 2007 

(54) COOLING ARRANGEMENTS FOR 6,772,603 B2* 8/2004 Hsu et a1. ................ .. 62/2592 

INTEGRATED ELECTRIC 
MOTOR-INVERTERS 

(75) Inventors: James M. Nagashima, Cerritos, CA * cited by examiner 
(US); Karl D. Conroy, Huntington 
Beach, CA (Us); Eric R_ Ostrom’ Primary ExamineriMelvin Jones 
Bell?ower, CA (Us); Gregory S, (74) Attorney, Agent, or F irmiChristopher DeVries 
Smith, Woodland Hills, CA (U S); 
George John, Cerritos, CA (US); (57) ABSTRACT 
David Tang, Fontana, CA (US); 
Terence G. Ward, Redondo Beach, CA 
(Us) In order to provide a modular arrangement, an inverter for 

_ _ _ an electric traction motor used to drive an automotive 

(73) Asslgnee: General Motors Corporatlon’ Daron’ vehicle is positioned in proximity With the traction motor. 
MI (Us) The inverter is located Within a compartment adjacent to one 

( >X< ) Notice: Subject to any disclaimer, the term of this end of the electric traction motor and is cooled in a closed 
patent is extended or adjusted under 35 System by Spraying a liquid Coolant directly Onto the 
USO 154(b) by 263 days, inverter. The liquid coolant absorbs heat from the inverter 

and is cooled by a heat exchange arrangement comprising a 
(21) APP1~ NOJ 11/054,483 reservoir With pipes carrying a second coolant from the 

_ radiator of the automotive vehicle. In a referred embodi 
(22) Flled: Feb' 9’ 2005 ment, the coolant is collected from the invlerter in an annular 

(65) Prior Publication Data reservoir that is integral With the compartment containing 
the inverter. In accordance With one embodiment of the 

Us 2006/0174642 A1 Aug‘ 10’ 2006 cooling arrangement, heat from the inverter vaporiZes the 

(51) Int CL liquid coolant by absorbing heat from the inverter during a 
F2 3 D 23/12 (200601) phase change from a liquid to a vapor. The vaporized coolant 

(52) us. Cl. ...................................... .. 62/2592; 62/310 is Condensed by a Circulating Second Coolant in Pipes 
(58) Field of Classi?cation Search ................ .. 62/119, Connected to the vehicle’s radiator through a Condenser that 

62/2592’ 310, 239, 242 is preferably coaxial With the motor and the annular reser 
See application ?le for complete Search history, voir, Which annular reservoir in the second embodiment 

(56) References Cited collects overspray liquid coolant. In order to avoid degrad 

U.S. PATENT DOCUMENTS 

6,278,179 Bl * 8/2001 Mermet-Guyennet ..... .. 257/686 

ing the inverter, the coolant is a dielectric ?uid. 

22 Claims, 9 Drawing Sheets 

a 

W 
EECTRIC Spun-m 
GENERATOR 

<<<<<<<<<< (‘a/(o <<<< 



U.S. Patent May 1, 2007 Sheet 1 0f 9 US 7,210,304 B2 

VVVVVVVVVVVVV/ VVYVVVVVVVVVV VVYV‘VVVVVVVVVV 

8 1 



U.S. Patent May 1, 2007 Sheet 2 0f 9 US 7,210,304 B2 

VVVVVVVVVVV 
‘___________l 

Jae‘ 

Mirna 
\ 

I 

INVERTER 
I 

r 
l 
l 
l 
I 
l 
l 
I 
l 
l 
l 
I 

l 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

BATTERY 

FIG.2 



U.S. Patent May 1, 2007 Sheet 3 0f 9 US 7,210,304 B2 

R an a Mn 

6% \ / 

30 we Al 

2, a :\(. mo 

2% .2 \ 

2). R @202 . . 

020E \ \ 

2/ Q +0 “65% 
E I 3 12a UM. ME: 

/ A J j / A _ 

E) , C“, ,”/,”,_,“i\//H S 
~@ I\\ E: 3% / @N 

\l \ +0 _ / 

Bn 6 an \ NW 8 3 R 

on 



U.S. Patent May 1, 2007 Sheet 4 0f 9 US 7,210,304 B2 



U.S. Patent May 1, 2007 Sheet 5 0f 9 US 7,210,304 B2 



U.S. Patent May 1, 2007 Sheet 6 0f 9 US 7,210,304 B2 

110 

I 

60 / 28 
104 62 54 104 97 :50 or so’ 

92 o @ / 
9_O 

94 Q 52 102 

E 
102 102 

\ 100 100 87 107 

108 96 \ “\76 

95 ‘~~ “~75 





U.S. Patent May 1, 2007 Sheet 8 0f 9 US 7,210,304 B2 



U.S. Patent May 1, 2007 Sheet 9 0f 9 US 7,210,304 B2 



US 7,210,304 B2 
1 

COOLING ARRANGEMENTS FOR 
INTEGRATED ELECTRIC 
MOTOR-INVERTERS 

FIELD OF THE INVENTION 

The present invention is directed to cooling arrangements 
for integrated electric motor-inverters. More particularly, the 
present invention is related to cooling arrangements for 
integrated electric motor-inverters Wherein the motor is a 
traction motor used to drive electric vehicles such as, but not 
limited to, gas-electric hybrid vehicles and fuel cell poWered 
electric vehicles. 

BACKGROUND OF THE INVENTION 

Vehicles Which utiliZe electric traction motors to drive 
Wheels of a vehicle, Whether the electric motor is in a 
gas-electric hybrid vehicle or a fuel cell poWered vehicle 
typically use a three-phase AC motor coupled With an 
inverter that converts direct current from a poWer source to 
alternating current. The inverter circuitry generally com 
prises IGBTs (insulated gate bipolar transistors) mounted on 
a DBC (direct bonded copper) substrate. The DBC has 
integrated bus bars, and With a circuit card and signal 
connector provides a poWer electronics package. 
As automotive vehicles start, change cruising speeds, 

accelerate and brake, poWer demands of electric traction 
motors driving the vehicles ?uctuate over a Wide range. 
Fluctuations in poWer demand cause temperature changes in 
the inverters connected to the traction motors. Since the 
inverters comprise IGBTs mounted on the DBCs With inte 
grated bus bars, the inverters are comprised of different 
materials With various coe?icients of expansion. Accord 
ingly, heat ?uctuations can degrade inverters as the inte 
grated components thereof expand at different rates tending 
to shift slightly With respect to one another as the compo 
nents respond to temperature variations. Accordingly, it is 
necessary to control temperature to keep expansions and 
contractions of the components Within optimal levels. Cur 
rently, this is accomplished by circulating ?uids through heat 
sinks associated With the DBC or by ?oWing air over the 
poWer electronics to absorb and carry aWay heat. While 
these approaches currently appear satisfactory, there remains 
a need to more precisely control the temperature of poWer 
electronics over the life of vehicles utiliZing traction electric 
motors in order to sustain reliability of, as Well as poWer 
consumption by, the vehicles. 

There is a continuing effort in con?guring automotive 
vehicles to optimiZe the use of space Within automotive 
vehicles While facilitating ease of assembly and mainte 
nance. In accomplishing optimal use of space, attempts are 
made to organiZe related components into modules, hoWever 
packaging inverters With motors present a problem because 
inverters have different cooling requirements. 

SUMMARY OF THE INVENTION 

In vieW of the aforementioned considerations, a cooling 
arrangement for cooling components of an inverter circuit 
has the components packaged proximate an electric traction 
motor for driving at least one traction Wheel of an automo 
tive vehicle. The arrangement comprises a housing disposed 
proximate the electric traction motor, Wherein the housing 
has a compartment With a space containing the components. 
The compartment has an inlet opening and an outlet opening 
for cooling ?uid communicating With the space containing 
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2 
the components. The cooling ?uid is a dielectric cooling 
?uid Which is dispensed in liquid phase into the space and 
onto the components of the inverter circuit by a pump 
provided for cycling the dielectric coolant from a reservoir 
that collects the dielectric coolant from the components. The 
reservoir uses a second coolant in a liquid-?uid heat 
exchanger to transfer heat from the dielectric ?uid before the 
dielectric ?uid is again cycled over the components. 

In a further aspect of the cooling arrangement, the reser 
voir is proximate the compartment containing the compo 
nents, and With the pump, is an integral part of part of the 
housing. 

In a further aspect of the cooling arrangement, the com 
partment is disposed at one end of the electric traction motor 
and extends laterally With respect thereto, While the reservoir 
is disposed in the housing, Which housing extends around 
the traction motor and coaxially With respect to the traction 
motor. 

In a further aspect of the cooling arrangement, the cooling 
arrangement further includes a control for monitoring the 
cooling requirements of the components, the control being 
connected to the pump to poWer the pump in accordance 
With the cooling requirements. 

In a further aspect of the cooling arrangement, the cooling 
arrangement is in combination With a cooling system for a 
fuel cell stack or a gas-poWered traction engine, the cooling 
system having the second coolant circulating through a 
radiator. 

In a further aspect of the cooling arrangement, the com 
ponents comprise an insulated gate bipolar transistor 
arrangement. 

In a further aspect of the cooling arrangement, the dielec 
tric coolant is a mixture of polypropylene glycol methyl 
ether and hexamethyldisiloxane. 

In still a further aspect of the cooling arrangement, the 
dielectric coolant has a phase change point selected to 
absorb a substantial quantity of heat at the boiling tempera 
ture of the coolant before the coolant evaporates. 

In still a further aspect of the cooling arrangement, a 
condenser converts vaporiZed coolant to liquid coolant 
before recycling the coolant onto the components. 

In still a further aspect of the cooling arrangement, the 
condenser is coaxial With the reservoir and the electric 
motor. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Various other features and attendant advantages of the 
present invention Will be more fully appreciated as the same 
becomes better understood When considered in conjunction 
With the accompanying draWings, in Which like reference 
characters designate the same or similar parts throughout the 
several vieWs, and Wherein: 

FIG. 1 is a schematic vieW of an automotive vehicle 
having a gas-electric hybrid drive; 

FIG. 2 is a schematic vieW of an automotive vehicle that 
uses fuel cell poWer to drive an electric traction motor; 

FIG. 3 is a schematic vieW of a ?rst embodiment of a 
cooling system for cooling inverter components coupled to 
the electric traction motors of FIG. 1 or 2; 

FIG. 4 is an elevation of a spray cooled, integrated 
motor-inverter, con?gured to employ the cooling arrange 
ment of FIG. 3; 

FIG. 5 is a perspective vieW, partially in section, of a spray 
cooled, integrated motor-inverter con?gured similar to that 
of FIG. 4; 
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FIG. 6 is a perspective vieW, partially in section, of the 
spray cooled integrated-motor inverter of FIG. 5, but shown 
from the opposite sides; 

FIG. 7 is a schematic diagram of a spray cooled coolant 
loop utilized With the vehicles of FIGS. 1 and 2, but 
con?gured in accordance With a second embodiment of the 
invention; 

FIG. 8 is a cross section of a spray cooled integrated 
motor-inverter con?gured in accordance With the second 
embodiment of the present invention shoWn in FIG. 7, and 

FIG. 9 is a perspective vieW, partially in elevation, of an 
integrated spray cooled motor-inverter con?gured similar to 
FIG. 8. 

DETAILED DESCRIPTION 

Referring noW to FIG. 1, there is shoWn an example of a 
gas-electric drive 10 for poWering a vehicle 12 utiliZing an 
internal combustion engine 14 and an electric traction motor 
16 to drive, through a transmission 20, Wheels 18 of the 
vehicle. A poWer splitter 22 determines Whether the internal 
combustion engine 14 or the electric motor 16 drives the 
transmission 20, or Whether the transmission 20 or internal 
combustion engine drives an electric generator 24. In 
another embodiment, the generator 24 is mounted next to the 
electric traction motor 16 and cooled With the same arrange 
ment as the traction motor. The electric generator 24 charges 
a battery 26 and/or provides current to an inverter 28 that 
delivers current to the electric traction motor 16. In accor 
dance With the present invention, the electric traction motor 
16 and inverter 28 are con?gured as a modular unit 30. This 
provides an opportunity for a reduction in the space con 
sumed by the electric traction motor 16 and inverter 28. 
Since the inverter 28 generates heat, the inverter requires a 
cooling arrangement 32. In accordance With one aspect of 
the present invention, the cooling arrangement 32 has a 
sealed cooling circuit Which is coupled thermally to a 
radiator 34 Which cools the internal combustion engine 14. 
The cooling arrangement 32 may be remote from the module 
30, as shoWn in FIG. 1, or integral thereWith as shoWn in 
FIG. 2. 

Referring noW to FIG. 2, a fuel cell drive system 10' 
utiliZes a fuel cell 40 to poWer an electric traction motor 16 
Which drives the Wheels 18 through a transmission 20'. The 
fuel cell 40 is connected either directly or through a battery 
pack 26' to inverter 28' for the motor 16. As With the 
gas-electric hybrid of FIG. 1, the inverter 28' is integral With 
the motor 16 to provide a poWer module 30'. Moreover, as 
With the gas-electric hybrid of FIG. 1, the inverter 28' has a 
cooling arrangement 32' that is coupled thermally to a 
radiator 34' used to cool the fuel cell 40. The motor 16 and 
inverter 28' are associated in a module 30', Which module 30' 
includes the cooling arrangement 32' integral thereWith. 
Alternatively, the cooling arrangement 32' can be remote 
from the module 30', as is shoWn by the cooling arrangement 
32 of FIG. 1. 

Referring noW to FIG. 3, a ?rst embodiment of the cooling 
system 32 or 32' shoWn in FIGS. 1 and 2, respectively, is 
usable With either the gas-electric hybrid drive 10 or the fuel 
cell drive 10'. The gas-electric hybrid drive 10 and the fuel 
cell drive 10' are merely exemplarily of various con?gura 
tions for such drives. For example, the gas-electric hybrid 
drive 10 can be con?gured as a parallel arrangement, a series 
arrangement or any other e?fective arrangement, as can the 
fuel cell drive 10'. The gas-electric hybrid drive 10 may use 
a gasoline engine, a diesel engine, a turbine engine or any 
other engine con?guration. 
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4 
The inverter 28 is positioned Within a compartment 50 

Which is disposed adjacent to the electric motor 16. The 
inverter 28 includes insulated gate bipolar transistors (IG 
BTs) 52 Which are bonded With a direct bonded copper 
(DBC) substrate 54 that is integrated With an AC/DC bus to 
form an inverter circuit. The IGBT 52 is cooled by a coolant 
dispenser 60 Which has spray noZZles 62 that dispense 
coolant 64 in liquid form directly on the IGBTs 52 and the 
associated DBC 54 and bus. While the illustrated embodi 
ment sprays the coolant 64 as liquid droplets, in other 
embodiments the coolant is dispensed in stream form or 
?ooded over the inverter 28. In still another embodiment, the 
inverter 28 is immersed in the liquid coolant 64, but pref 
erably the liquid coolant 64 is sprayed as a mist or in discreet 
droplets onto the inverter 28. 
By using the coolant dispenser 60, coolant liquid 64 is 

applied directly to the source of heat of the IGBT 52, Which 
alloWs the poWer density (poWer per unit volume) of the 
motor inverter 28 to be increased. To be cooled by the liquid 
coolant 64, heat generated by the IGBT 52 need not travel 
through multiple layers of materials, a feW of Which have 
loW thermal conductivity. Rather, a direct thermal path 
provided by spray cooling reduces the temperature of the 
IGBT 52. With loWer temperature for the IGBT 52, 
increased poWer is available through the inverter 28 to the 
traction motor 16. Alternatively, With improved cooling a 
smaller inverter 28 may be provided to produce the same 
poWer level for the traction motor 16. 
The spray cooling provided by the spray noZZles 62 is also 

usable on other components associated With the inverter 28, 
such as capacitors, transformers, integrated circuits and bus 
bars that are temperature sensitive. The spray cooling pro 
vides cooling to Wire bonds betWeen the elements of the 
IGBT 52 and prevents Wire bonds from overheating, con 
sequently helping to minimiZe failure. Accordingly, along 
With the resulting reduction of component temperatures, 
improved reliability is provided. 

Because spray cooling provides increased cooling capac 
ity, spray cooling improves resistance of the inverter 28 to 
transient poWer ?uctuations. Transient poWer ?uctuations 
exist on the input to the poWer inverter 28 due to sudden 
increases in poWer demanded by the vehicle 12 for short 
periods of time. The ?uctuations can be caused by increased 
resistance to the output of the motor 16 Which in turn cause 
temperature increases in the IGBT 52. By having direct 
application of the cooling media 64 to the IGBT 52, tem 
perature change is reduced in both time duration and tem 
perature increase. 

In order that the coolant 64 not electrically interact With 
or degrade the components of the inverter 28, the coolant is 
a dielectric coolant. A suggested coolant is a mixture of 
methylsiloxane and an organic compound such as polypro 
pylene glycol methyl ether, Wherein the coolant has minimal 
instability and reactivity. An example of such a liquid is 
OS-120 available from DoW Corning Corporation, Which is 
a mixture of hexmethyldisiloxane and propylene glycol 
methyl ether, the hexmethyidisiloxane having a percentage 
by Weight greater than 60% and the propyleneglycol methyl 
ether having a percentage by Weight in a range of 10% to 
30%. Other dielectric coolants Which have minimal insta 
bility and reactivity With the electrical components of the 
inverter may be used as alternatives to OS-120. 

Referring again to FIG. 3, the coolant 64 is sprayed as a 
liquid and is collected in a sump portion 70 of the compart 
ment 50 and through a spray return 72 to a reservoir 74 
Which is connected through a ?lter 75 to a pump 76. The 
pump 76 is connected to the dispenser 60 that supplies 
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recycled liquid coolant to the spray nozzles 62 for continued 
cooling of the inverter 28. While the coolant 64 is circulating 
through the reservoir 74, it is cooled by a second liquid 
coolant 77, such as a Water ethylene glycol solution, Which 
?oWs through tubes 78 in the reservoir 74. The second liquid 
coolant 77 is supplied by the radiator 34, Which cools the 
internal combustion engine 14 of FIG. 1 or is supplied by the 
radiator 34', Which cools the fuel cell stack 40 of FIG. 2. The 
pump 76 is preferably a variable speed pump Which is 
controlled by the output of the IGBTs 52. As the output of 
the IGBTs 52 increases, the speed of the pump 76 increases 
Which increases the amount of liquid coolant 64 sprayed 
through spray noZZles 62. Alternatively, the temperature of 
the IGBT 52 may be monitored With a thermocouple 
arrangement With the speed of the pump 76 being increased 
as the temperature of the IGBT increases to spray more 
liquid coolant and thereby decrease the temperature of the 
IGBT. 

Referring noW to FIG. 4, there is shoWn a preferred 
arrangement for the spray cooled coolant loop 30 or 30', 
Wherein the spray cooled coolant loop of FIG. 3 is integral 
With the compartment 50 containing the inverter 28 sup 
ported on a base 79. In FIG. 4, the reservoir 74 and cooling 
coils 78 are disposed in a reservoir portion 74 that surrounds 
the motor 16 and extends coaxially With respect to the motor. 
The reservoir 74 is substantially annular in shape and 
includes the cooling channels or cooling channel 78 con 
nected by an inlet 80 and an outlet 82 to a vehicle radiator 
such as one of the vehicle radiators 34 or 34' of FIGS. 1 and 
2, respectively. The reservoir 74 is ?lled by heated liquid 
coolant 64 ?oWing from the inverter 28 through an opening, 
such as the opening 83 in the support 79 for the inverter, and 
is connected by a return 84 to a sump 86 that is connected 
to the coolant pump 76 through the ?lter 75. The coolant 
pump 76 is connected by line 87 to the dispenser 60 and 
spray noZZles 62. The spray noZZles 62 preferably dispense 
the coolant 64 in liquid phase as droplets or a mist onto the 
inverter 28. Heat is then transferred from the inverter 28 to 
the liquid coolant 64. The liquid coolant 64 then drains into 
and cools in the reservoir 74, Where heat is removed 
therefrom by the second coolant 77 circulating through the 
channels or channel 78 over or past Which the heated liquid 
coolant 64 ?oWs. Preferably, the pipe channels are next to an 
inner Wall 88 of the reservoir 74 so that the second cooling 
?uid 77 rejects heat from the stator 89 of the motor 16. The 
pump 76 recycles the liquid coolant 64 in accordance With 
the poWer demands of the inverter 28. 

FIGS. 5 and 6 shoW the module 30 or 30' of FIG. 4 as it 
might appear in an installed embodiment Where it is seen 
that the compartment 50 has a base 90 therein Which 
supports the coolant dispenser 60 having the spray noZZles 
62 that dispense liquid coolant 64. Also supported on the 
base 90 is the inverter 28 that is comprised of the DBC 
substrate 54 With the insulated gate bipolar transistors (IG 
BTs) 52 thereon and is integrated With the AC/DC bus to 
form one phase of the inverter circuit. In FIGS. 5 and 6 these 
elements are at different angular positions With respect to the 
compartment 50 then in FIG. 4 in order to illustrate an 
alternative arrangement. Also mounted on the base 90 is a 
circuit card 92 that is connected to a signal connector 94 for 
controlling the input and output current of the inverter 28. 
The inverter 28 is connected to a DC poWer source such as 
the batteries 26 or 26', or the generator 24, of FIG. 1 or 2 by 
a pair of direct current terminals 95 and 96. The annular 
reservoir portion 74 of the module 30, Which includes the 
channels 78 for the second coolant 77, extends from a 
mounting ring 97 to Which a cover 98 is bolted by bolts 100 
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6 
that are received in relieved portions 102 of the cover and 
threaded into lugs 104 on the mounting ring 97. The inlet 80 
and outlet 82 supplying the second coolant 77 to the chan 
nels 78 is connected through the outer Wall of the reservoir 
portion 74 to the channels. 

Openings, such as openings 83, in the mounting ring 96 
alloW coolant 64 that is pooled on the base 90 to ?oW into 
the annular reservoir 74 Where it is cooled by the gas engine 
or fuel cell coolant 77 Which has passed through the radiator 
34 or 34'. The coolant pump 76 returns the liquid coolant 64 
?ltered by the ?lter 75 to the noZZles 62 via the inlet line 87. 
The ?lter 75 and the pump 76 are disposed Within a housing 
portion 107 that also includes the sump 86. By having the 
cover 98 mounted With bolts 100 to the mounting ring 96 to 
form the compartment 50, the circuit card 92 and inverter 28 
are accessible for maintenance if required. The compartment 
50 and the reservoir 74 cooperate to de?ne a housing 108 in 
Which the compartment extends laterally from the axis 110 
of the motor 16, and in Which the reservoir is an annular 
space that is coaxial With the motor. 

Referring noW to FIGS. 7*9 Where a second embodiment 
of the invention is shoWn, in FIGS. 7*9 similar reference 
numerals identify similar structure shoWn in FIGS. 3*6. The 
cooling arrangement described in the second embodiment of 
the invention takes advantage of the latent heat of vapor 
iZation of coolant 64. When coolant 64 is sprayed onto 
components that are hotter than the vapor temperature of the 
coolant, the coolant changes state or phase from a liquid to 
a vapor 64'. The vapor 64' carries the Waste heat aWay from 
the inverter 28 as the vapor disperses into the chamber 50'. 
In the embodiment of FIGS. 7*9, the coolant loop 30 or 30' 
includes a condenser 200 Which is separate from the reser 
voir 74', as Well as a separate line 206 for conveying 
vaporiZed coolant 64' from the compartment 50' to the 
condenser 200. As With the ?rst embodiment of FIG. 3, a 
second coolant 77 from the vehicle radiator 34 or 34' is 
circulated through the coolant pipes 78' to change the phase 
of the coolant 64' from a vapor back to a liquid. The liquid 
64 from the condenser mixes With the liquid in the reservoir 
74' and is ?ltered by a ?lter 75 prior to being pumped by the 
pump 76 back to the ?uid dispenser 60, Where the coolant 64 
is sprayed in liquid form onto the poWer inverter 28. 

In the embodiment of FIGS. 7*9, the pump 76' is pref 
erably a variable output pump Which is controlled by a 
controller 210 that is activated by an output current signal 
from the IGBTs 52 that increases the rate of pumping as the 
output poWer of the IGBTs increases. By providing variable 
spray cooling, temperature control under all operating con 
ditions is achieved. This increases component reliability by 
minimiZing temperature changes so that the inverter 28 
operates under substantially isothermal conditions. By con 
sistently controlling the amount of dielectric coolant 64 
sprayed through the atomiZer noZZles 62 so as to create a 
liquid mist, at maximum poWer dissipation conditions, con 
stant ?oW of the liquid mist exhibits a phase change con 
verting to a vapor 64' When sprayed on the inverter 28. When 
the phase change occurs, the poWer dispensing IGBTs 52 
remain at substantially constant temperature regardless of 
increasing poWer dissipation. By varying the ?oW of the 
liquid coolant 64 relative to actual component poWer dissi 
pation, the phase change region of the ?uid comprising the 
liquid coolant 64 is utiliZed so that the coolant accommo 
dates all operating conditions. 
An example of a coolant utiliZed in the embodiment of 

FIGS. 7*9 is the aforementioned OS-l20 available from 
DoW Corning Corporation of Midland, Mich.; OS-l20 being 
a mixture of methylsiloxane and an organic compound. 



US 7,210,304 B2 
7 

08-120 has a boiling point ofabout 98° C. and is a dielectric 
material that does not degrade When used to cool the 
interconnected electrical components. The dielectric liquid 
coolant 64 continues to absorb heat at 98° C. Without 
changing phase to its vapor form 64' until the heat capacity 
of the coolant reaches its boiling point, at Which time the 
liquid coolant vaporiZes carrying aWay heat generated by the 
lGBTs 52 and by other components of the poWer electronics 
package. 

Referring noW to FIG. 8, the spray cooling arrangement of 
FIG. 7 is preferably utiliZed in the form of a module 30 or 
30' as exempli?ed by FIG. 8. Vapor 64' is pulled by negative 
pressure of the pump 76' through openings 83' in base 79' 
and into the condenser 200, Which is formed as an annular 
channel 201 having the pipes 78' located therein or adjacent 
thereto. The vaporiZed coolant 64' is condensed to the liquid 
coolant 64 on condenser 200 prior to passing into passage 
Way 206. Any remaining vapor 64' mixes With the liquid 
coolant 64 in the reservoir 74' and all of the cooled and 
condensed coolant is sucked through the passageWay 206 
and into the sump 86 by the pump 76'. The lique?ed and 
cooled coolant 64 then is recycled by the pump 76' from the 
sump 86 and sprayed in as a liquid mist 64 through the 
noZZles 62. 

Referring noW to FIG. 9, a perspective vieW illustrates a 
con?guration of the modular unit 30 or 30' shoWn in FIG. 8, 
Which modular unit is con?gured similarly to the ?rst 
modular unit shoWn in FIGS. 5 and 6. A structural difference 
between the embodiment of FIG. 9 and that of FIGS. 5 and 
6, is that in FIG. 9 the condenser 200 is included and 
includes an annular channel 201 Which is coaxial With both 
the cooling reservoir 74' and electric motor 16 to provide a 
compact, modular motor-inverter having the spacial and 
convenience aspects of the modular unit illustrated in FIGS. 
5 and 6. Preferably, in FIG. 9 the condenser 200 is disposed 
betWeen the reservoir 74' Which collects oversprayed liquid 
64 and the annular channel 201 in Which the vaporiZed 
coolant 64' is condensed. In other con?gurations the con 
denser may be disposed outboard of the annular channel 201 
or may be positioned next to the inner Wall 88 proximate the 
stator 89 of the motor 16. In still another arrangement 
separate channels 78 and 78' cool the liquid 64 and condense 
the vapor 64' Within the module 30 or 30'. As With FIGS. 5 
and 6 With respect to FIG. 4, the angular location of the 
inverter 28 With respect to the noZZles 62 in FIG. 9 differs 
from the location in FIG. 8, in order to illustrate an alter 
native arrangement. 
From the foregoing description, one skilled in the art can 

easily ascertain the essential characteristics of this invention, 
and Without departing from the spirit and scope thereof, can 
make various changes and modi?cations of the invention to 
adapt it to various usages and conditions. 
We claim: 
1. A cooling arrangement for cooling an inverter circuit 

having components packaged proximate an electric traction 
motor for driving at least one traction Wheel of an automo 
tive vehicle, the arrangement comprising: 

a housing disposed proximate the electric traction motor, 
the housing having a compartment With a space con 
taining the components of the inverter circuit; 

a fresh coolant ?uid inlet opening and a used coolant ?uid 
outlet opening communicating With the space contain 
ing the components of the inverter circuit; 

a dielectric coolant ?uid; 
a ?uid dispenser for dispensing the dielectric coolant ?uid 

into the space and onto the components of the inverter 
circuit; 
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8 
a reservoir for receiving the dielectric coolant ?uid after 

the dielectric coolant ?uid has absorbed heat from the 
components of the inverter circuit, the reservoir having 
a second cooling ?uid ?oWing therethrough from the 
radiator of the automotive vehicle for transferring heat 
out of the dielectric cooling ?uid, and 

a pump for cycling the dielectric coolant ?uid While 
primarily in the liquid phase out of the reservoir and 
into the space for cyclically cooling the components of 
the inverter circuit. 

2. The cooling arrangement of claim 1 Wherein the 
dielectric cooling ?uid is a dielectric cooling liquid and the 
reservoir is proximate the compartment and integral With the 
housing. 

3. The cooling arrangement of claim 2 Wherein the 
compartment is disposed at one end of the electric traction 
motor and extends laterally With respect to the axis of the 
traction motor and Wherein the reservoir is disposed around 
the traction motor and extends coaxially With respect 
thereto. 

4. The cooling arrangement of claim 3 further including a 
control for monitoring the cooling requirements of the 
components, the control being connected to the pump to 
poWer the pump in accordance With the cooling require 
ments of the components. 

5. The cooling arrangement of claim 4 Wherein the control 
monitors poWer output of the inverter circuit and adjusts 
operation of the pump according. 

6. The cooling arrangement of claim 4 Wherein the control 
monitors heat levels of the components of the inverter circuit 
and adjusts operation of the pump accordingly. 

7. The cooling arrangement of claim 1 Wherein the 
cooling arrangement is in combination With a cooling sys 
tem for a fuel cell stack or a gas poWered traction engine, 
With the second cooling ?uid circulating through the radiator 
of the cooling system. 

8. The cooling arrangement of claim 7 Wherein the 
dielectric coolant ?uid is a mixture of propylene glycol 
methyl ether and hexamethyldisiloxane. 

9. The cooling arrangement of claim 1 Wherein the 
dielectric coolant ?uid is a mixture of propylene glycol 
methyl ether and hexamethyidisiloxane. 

10. The cooling arrangement of claim 2 Wherein the 
dielectric coolant liquid has a phase change point selected to 
absorb a substantial quantity of heat at the boiling tempera 
ture of the dielectric liquid coolant before the coolant 
becomes a vapor, and Wherein the cooling arrangement 
further comprises condenser for converting the vapor back 
into coolant liquid before the coolant is recirculated by the 
pump. 

11. The cooling arrangement of claim 10 Wherein the 
condenser circulates cooling ?uid from a radiator used to 
cool a drive source of the automotive vehicle to condense the 
dielectric coolant vapor. 

12. The cooling arrangement of claim 11 Wherein the 
condenser and reservoir are coaxial With one another, and 
With the electric traction motor, to form a modular unit. 

13. The cooling arrangement of claim 12 Wherein the 
dielectric coolant ?uid is a mixture of propylene glycol 
methyl ether and hexamethyidisiloxane. 

14. The cooling arrangement of claim 11 Wherein the 
condenser is remote from the electric traction motor and the 
reservoir. 

15. The cooling arrangement of claim 14 Wherein the 
dielectric coolant ?uid is a mixture of propylene glycol 
methyl ether and hexamethyldisiloxane. 
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16. A cooling arrangement for cooling an inverter circuit 
having components packaged proximate an electric traction 
motor for driving at least one tractor Wheel of an automotive 
vehicle, the arrangement comprising: 

a housing disposed proximate the electric traction motor, 5 
the housing having a compartment With a space con 
taining the components of the inverter circuit; 

a fresh coolant ?uid inlet opening and a used coolant ?uid 
outlet opening communicating With the space contain 
ing the components of the inverter circuit; 

a dielectric coolant liquid; 
a ?uid dispenser for spraying the dielectric coolant liquid 

into the space and onto the components of the inverter 
circuit; 

a reservoir for collecting overspray of the dielectric ?uid 15 
Which has remained in the liquid phase after spraying, 

a condenser for liquefying dielectric coolant Which has 
converted from the liquid phase to a vapor phase upon 
absorbing su?icient heat from the components of the 
inverter circuit to change phase; and 

a pump for cycling the dielectric coolant While primarily 
in the liquid phase from the reservoir and the condenser 
to the space for cycling cooling the components of the 
inverter circuit. 

17. The cooling arrangement of claim 16 Wherein the 

20 

25 

condenser is proximate the reservoir, the condenser and the 

10 
reservoir both being cooled by a second coolant circulated 
through a radiator of the automotive vehicle to cool a poWer 
source for driving the automotive vehicle. 

18. The cooling arrangement of claim 17 Wherein the 
compartment is disposed at one end of the electric traction 
motor and extends laterally With respect thereto and Wherein 
the condenser is disposed around the traction motor and 
extends coaxially With respect thereto. 

19. The cooling arrangement of claim 18 further including 
a control for monitoring the cooling requirement of the 
components, the control being connected to the pump to 
poWer the pump in accordance With the cooling require 
ments of the components. 

20. The cooling arrangement of claim 17 Wherein the 
dielectric coolant ?uid is a mixture of propylene glycol 
methyl ether and hexamethyidisiloxane. 

21. The cooling arrangement of claim 16 Wherein the 
dielectric coolant ?uid is a mixture of propylene glycol 
methyl ether and hexamethyldisiloxane. 

22. The cooling arrangement of claim 16 Wherein the 
components of the inverter circuit comprise at least one 
insulated gate bipolar transistor. 


